Chitin is an insoluble component in the shells of several molluscan species. It is thought to play important roles, in biomineralization and shell structure. To date, however, reports are scarce and sometimes contradictory, and suffer from methodological problems. Only in a single cephalopod species has the chitin been identified as -chitin. We present data on chitin occurrence in 22 species of shell-bearing Mollusca (Conchifera) and Polyplacophora, including the first evidence for scaphopods, based on pyrolysis gas chromatography, mass spectrometry (GC-MS), and infrared spectroscopy (IR). Pyrolysis GC-MS detected chitin in every tested member of the Conchifera. IR spectroscopy before and after chitinase treatment revealed at least three distinct patterns of peak changes. The contents of the insoluble shell organics included not only chitin and proteins, but also insoluble polysaccharides, e.g., glucan. We conclude that chitin was present in the last common ancestor of the Conchifera and that its abundance in the shell matrix depends on the differentiation of the shell.
The shell-bearing, or conchiferan, Mollusca are one of the most species-rich groups of Metazoa. One of their diagnostic characters is a single dorsal, multi-layered, calcareous shell. 1, 2) This feature distinguishes the Conchifera from the worm-like groups (Caudofoveata and Solenogastres), which possess thick cuticles with calcareous sclerites only, and Polyplacophora, with eight shell plates surrounded by a girdle of sclerite-bearing cuticle. The shell is formed of aragonitic or calcitic biocrystals deposited in an organic shell matrix. The molluscan shell usually consists of three layers: the outer uncalcified periostracum, and the calcified ostracum and hypostracum. There is great variation in the microstructures of the calcified layers. The ostracum often consists of prismatic aragonite crystals, but is calcitic in most pteriomorph bivalves and some gastropod taxa.
Our understanding of the evolutionary history of molluscan shells and mineralization processes is far from complete. Several studies of shell mineralization emphasize the roles of soluble acidic proteins such as MSP1, 3) Aspein, 4) Asprich, 5) and sulphated glycosaminoglycans 6) in calcium carbonate nucleation. The major insoluble shell matrix components are polysaccharides and proteins. Besides the acidic macromolecules and silk-fibroin gels, chitin is said to be one of the most important components in shell formation. 7) In the current mineralization hypothesis, chitin is proposed to determine the orientation of crystals. 8, 9) This interesting concept is based mainly on Atrina rigida, and information on the quantity of the chitin in other mollusc shells is still insufficient. In particular, the proportion between protein and chitin is unknown, although this appears to be important in order to understand the mineralization mechanism and compare the calcification mechanisms in various mollusc shells.
Although chitin is a widespread structural and skeletal substance among metazoans, data on its presence in molluscan shells and cuticles are scarce and sometimes contradictory. [10] [11] [12] Chitin has been reported in aplacophoran cuticles (Solenogastres, Caudofoveata), polyplacophoran cuticles and shell plates, 13) and some conchiferan species, e.g., Cephalopoda, 14) Bivalvia, 15) Gastropoda, 16) but no data are available on the Scaphopoda, and only in cephalopods has the type of chitin been determined to be -chitin. 17) Several techniques have been employed to detect chitin in molluscan shells, including X-ray diffraction, 18) NMR, 14) IR 12, 19) and chemical analysis based on hexosamine assays. These methods are appropriate in analyzing samples with high chitin contents. Since the chitin contents in molluscan shells can be very low and most shells are small, X-ray diffraction and NMR might not be sensitive enough to detect chitin in these samples. X-ray diffraction, for example, requires large amounts of organic shell matrix (at least 1 mg) and thus is difficult to apply to small shells. IR and chemical analysis require smaller amounts of material, but insoluble shell organic matrices contain other insoluble proteins 20) and carbohydrates 21) that can interfere with chitin analysis. For instance, amide peaks of proteins overlap chitin IR spectra. 22) This makes crude insoluble organic matrices incomparable to purified chitin spectra, even if the spectra themselves are very similar to each other. With regard to carbohydrates, there is some evidence to indicate the presence of other carbohydrates, besides chitin, in insoluble shell organic matrices, 21) but no further information is available on the structure or the y To whom correspondence should be addressed. Tel: +43-1-4277-54451; Fax: +43-1-4277-9544; E-mail: Takeshi FR@hotmail.com role of carbohydrates in insoluble shell organics, which should be investigated.
Previously applied chemical analyses to detect chitin turned out to be unreliable as well. Peters, 11) in his comprehensive chitin assay for Mollusca, applied the chitosan test to the insoluble fractions after decalcification with HCl. Since HCl treatment deacetylates and solubilizes some of the chitin, its concentration in the insoluble fraction can drop below the detection threshold of the chitosan test. Although Peters 11) distinguished the occurrence of chitin in the periostracum from that in calcified shell parts, the reliability of this distinction is not always clear. He detected chitin only in the calcified shell layers of Patellogastropoda and Trochidae and not in those of all other gastropod taxa. Similarly, for bivalves, only Nucula nitida (Protobranchia) and Arca noae (Pteriomorpha) tested positive, whereas in most other bivalves only the periostracum yielded positive results. The chitosan test failed altogether to detect chitin in the shells of the bivalve Mytilus or the scaphopod Antalis entalis.
Thus previous studies on the occurrence of chitin in molluscan shells suffered from the presence of proteins and carbohydrates in the insoluble fraction and/or the low chitin content of some shells together with artificial depletion due to HCl treatment. Another problem is the relative abundances of the components. Most studies of chitin have estimated absolute chitin abundance in shell organics. Previous conventional chemical analyses of chitin did not provide values for insoluble protein or neutral polysaccharide concentrations. Moreover, amino acid analysis yields only a glucosamine peak derived from chitin after hydrolysis; no other carbohydrate peaks are visible by this method. The commonly used monosaccharide analysis by GC/MS with methanolysis or hydrolysis can clarify the proportions of the neutral sugars and N-acetyl glucosamine, the latter reflecting the abundance of chitin, but such a GC/MS monosaccharide analysis provides no information about insoluble protein. To overcome these problems, here we applied two methods that have not been used previously with insoluble fractions of molluscan shells: IR spectroscopy with protease and chitinase treatment, and pyrolysis gas chromatography with subsequent mass spectrometry (GC-MS). These methods allow for improved sensitivity of chitin detection and can assess the relative abundances of proteins and carbohydrates. Applying these techniques to a wide range of conchiferan taxa and a representative of the sister taxon Polyplacophora, we tested the hypothesis that chitin was present in their last common ancestor.
Materials and Methods
Preparation of insoluble shell organic matrices. Shells of the species listed in Table 1 were incubated in an aqueous solution of 3% (v/v) NaOCl for 1 h to remove periostracum and organic contaminants before grinding and demineralizing them completely with 0.5M EDTA. The solution was centrifuged and the supernatant was removed.
Pyrolysis GC-MS. Since intact insoluble organics are difficult to analyze by traditional chromatography techniques, pyrolysis GC-MS was used. Pyrolysis of insoluble samples decomposes them into volatile molecules and makes it possible to separate and identify the decomposition fragments by gas chromatography and subsequent mass spectrometry. 23) In addition, as compared with the usual GC/MS methods, this approach yields the relative ratio of chitin: protein: neutral polysaccharides in a single experiment, with no derivatization steps or special modifications. N-acetyl glucosamine is the only N-acetyl hexosamine found in insoluble shell organics, and it is derived mainly from chitin. Chitin is a polysaccharide with N-acetyl bonds, and its thermal decomposition products are very characteristic for chitin (e.g., acetylpyridone); such products therefore cannot be found in any other polysaccharides and can be used as markers of chitin. 24) Several putative protein-derived pyrolysis fragment compounds were abundant enough to appear in GC/MS chromatograms because not all insoluble proteins were digested by pepsin. To ensure that these were proteinderived and not humic acid-derived compounds, we verified their identity by MS.
Analysis of the insoluble material was generally performed after pepsin treatment in order to remove insoluble peptides. Py-GC/MS measurement ( Table 1) was done in a Pyroprobe 2000 (Chemical Data Systems, CDS Analytical Inc., Oxford, PA) pyrolyser equipped with a platinum coil and a quartz sample tube, coupled to an Finnigan GC 8000/MD800 GC/MS system (now Thermo Fisher Scientific, San Jose, CA ) Samples were heated to 615 C at 400 C s À1 and held at this temperature for 15 s. The volatile pyrolysis products were separated on a Chrompack CP-Wax 52 CB column (30 m Â 0:25 mm Â 0:25 mm) (Varian, Boston, MA) with helium 4.6 as carrier gas (100 kPa). The pyrolysis chamber was held at 250 C and flushed with helium 4.6. The GC was programmed from 50 C (2 min) to 260 C (30 min) at 10 C min À1 . The mass spectrometer was operated in electron impact mode with a scan range of m=z 15-400 and the products were identified by comparison with NIST and Wiley mass spectral libraries as well as data in the literature. 24) To compare the relative contents of chitin, carbohydrates, and proteins, three to four selected marker compounds for each class were quantified using reconstructed ion chromatograms with the base ion of each mass spectrum and the sum of the peak areas set into relation.
A second set of Py-GC/MS measurements was carried out in a Pyroprobe 2000 (Chemical Data Systems, CDS Analytical Inc., Oxford, PA) pyrolyser equipped with a platinum coil and a quartz sample tube, coupled to an Agilent 6890 GC-5973 MSD (Agilent Technologies, Santa Clara, CA) instrument. The flash pyrolysis method was applied at 615 C, 0.15-0.45 mg sample was pyrolyzed for 15 s, the platinum coil was heated at 400 C s À1 . Helium carrier gas at a flow rate of 20 ml min À1 purged the pyrolysis chamber which was held at 250 C. GC separation was performed on a HP-5MS capillary column (30 m Â 0:25 mm Â 0:25 mm) (Agilent Technologies, Santa Clara, CA), and the temperature after a 1 min 50 C isotherm period was programmed to 300 C at an 8 C min À1 heating rate. The temperatures of the transfer line of GC/MS and the source of the mass spectrometer were 280 and 200 C respectively. The mass spectrometer operated in electron-impact mode (EI) at 70 eV, in a scan range of m=z 33-300. Pyrolysis products were identified based on their mass spectral characteristics and GC retention times, by comparison with the NIST mass spectral library and published GC and MS data. 24) The relative standard deviation of the peak areas of the pyrolysis-GC/MS total ion chromatograms ranged from 5 to 25% when replica experiments were carried out within a few days. The roughly estimated detection limits were 2 mg for insoluble polysaccharides (based on a peak at m=z 96 for mannan and glucan), 0.3 mg for chitin (based on a peak at m=z 59 for the chitin standard), and 0.08 mg for protein (based on a peak at m=z 94 for BSA). To distinguish chitin from other polysaccharides, we use the term neutral polysaccharides, meaning polysaccharides with no acidic or amine bond, such as glucan and mannan with no N-acetyl or acidic bond.
Infrared spectroscopy (IR). IR requires relatively small amounts of organics and hence is useful in analyzing small shells. Crude shell organic matrices are a mixture of protein, chitin, and neutral polysaccharides, e.g., glucan. IR spectra of crude shell organic matrices thus are not conclusive, even if the spectra look identical to the chitin standards. Accordingly, comparing IR spectra before and after protein and chitin removal by enzyme treatment is better suited in order to infer the presence of chitin. A washing step after each enzyme treatment removes any solubilized peptides (from insoluble proteins) and oligosaccharides (digested from the chitin) as well as the enzymes themselves. The remaining insoluble materials were subjected to IR spectroscopy.
Pepsin was used before chitinase treatment (see below). Chitin and proteins form complexes in the insoluble fraction. 7) Because amide peaks derive from both protein and chitin, removing as much protein as possible before IR is necessary in order to restrict the source of the amide peaks to chitin. In addition, breaking up the chitin-protein complexes is necessary in order to expose and digest chitin efficiently. Since we used several enzymes, we had to consider the pH for the enzyme reactions. The optimal pH for chitinase is about 6-8, and that for pepsin about 2-4. Pepsin is irreversibly inactivated at pH 6, while most other proteases, such as proteinase K (from Tritirachium album; Sigma-Aldrich P6556, St. Louis, MO) and trypsin, remain active at neutral and basic pH. Therefore, even if pepsin cannot be removed completely and remains during chitinase treatment, it cannot digest chitinase or any other proteins. Chitinase is specific to chitin. The changes in the amide and hexose peaks after chitinase addition were clearly due to degradation of the chitin into soluble oligosaccharides. After removal of proteins and chitin, the remaining insoluble components were neutral polysaccharides, e.g., glucan. Glucanase is specific to glucan and requires a more acidic pH (5.5). This is appropriate after chitinase treatment. Enzyme treatment in combination with IR spectroscopy was previously applied by Natalello et al., 25) and its effectiveness was confirmed in our study as well.
The crude insoluble organic matrix was washed with distilled water and dried by lyophilizer. To remove the protein amide peaks in the infrared absorption spectra, 1% (w/v) pepsin A (from porcine gastric mucosa; Sigma-Aldrich P7125, St. Louis, MO) in acetic acid solution (pH 3.0) was added and the solution with matrices was incubated at 37 C overnight. Chitin was removed from the pepsin-treated organic matrix with 0.1 U/80 ml chitinase (from Streptomyces griseus; SigmaAldrich, C6137, St. Louis, MO) in a phosphate buffer (pH 6.8) at 37 C for 3-5 d. The presence of -glucan was checked after a reaction with U of -glucanase (from Aspergillus niger; Sigma-Aldrich 89862-1G-F, St. Louis, MO) in 50 mM sodium acetate buffer (pH 5.5) at 55 C for 1.5 h. Preparations with and without chitinase treatment were subjected to -glucanase treatment to compare results.
Experiments with Acanthopleura villantii (previously known as A. spiniger), Mytilus galloprovincialis, Atrina pectinata, Pinctada fucata, Glycymeris pilosa, Solecurtus strigillatus (2 different individuals), Nautilus sp., Todarodes pacificus, and Hexaplex trunculus were replicated. For the other organisms, insufficient shell organic material was available for replicates.
KBr micropellets with a sample/KBr weight ratio of about 0.0025 were prepared from the insoluble organic matrix for IR powder measurements. A mixture of powdered samples and KBr was homogenized and dry-powdered by hand-grinding in an agate mortar. Spectra from 2,000 to 400 cm À1 were recorded using a Perkin-Elmer FTIR spectrometer 1760X equipped with a TGS detector and a CsI microfocus accessory (Perkin-Elmer, Tokyo). Background and sample spectra were obtained from 24 scans each with a nominal resolution of 4 cm À1 (modified from Dauphin and Marin; Treves et al. 12, 19) ). Previous IR research on bacteria cell walls revealed that it is necessary to compare amide II peaks and hexose peaks in order to estimate insoluble polysaccharides and proteins. 26) Glucan and mannan, as insoluble neutral polysaccharides, have no N-acetyl bond. The IR spectra are therefore mainly hexose peaks. 27) Hence we focused on amide II and hexose peaks for comparison.
Results

Standards and their combinations
Standard samples of each major shell matrix component were used as references in Pyrolysis GC-MS and IR. For protein we used BSA (albumin from bovine serum, Sigma-Aldrich 05488, St. Louis, MO). This showed two amide peaks (amide I;1,650 and amide II;1,550 cm À1 ), whereas glucan (1,3-glucan from Euglena gracilis, Fluka 89862) and mannan (mannan from Saccharomyces cerevisiae, Sigma M7504, St. Louis, MO) showed distinct hexose peaks (at about 1,070 cm À1 ) with no amide II peaks. Chitin (from crab shells, Sigma-Aldrich 22720, St. Louis, MO) showed both two amide peaks and hexose peaks with similar heights (Fig. 1a-d) .
The contributions to the amide and hexose peaks by the various components are not always linearly correlated to their relative abundance. For instance, amide peaks of 1 mg of BSA and hexoses peaks of 1 mg of glucan were not of the same height. Since insoluble organic matrices are a mixture of these three major compounds, a series of combinations of the standards is required to determine relative peak intensities. A series of standard mixtures, BSA:chitin, BSA:glucan, chitin:glucan, clarify the intensities of the amide and hexose peaks for each standard. Information on the peak intensity of these mixtures is useful in estimating the proportions of protein, chitin, and insoluble polysaccharides as well as for comparisons with pyrolysis GC-MS data.
We carried out pyrolysis GC-MS experiments on standards (BSA, glucan, mannan, and crab chitin) to assess the sources of the respective signals. Accordingly, we selected the compounds listed in Table 2 and Fig. 2 as specific markers from the pyrolysis products. The proportions of chitin, proteins, and neutral polysaccharides estimated from standard mixture of IR spectra and the results of pyrolysis GC-MS were comparable, and we found consistent results in general.
We did not conduct control digestion experiments because digested products and solubilized chemicals were pipetted off after being centrifuged, and we analyzed the remnants of insoluble materials after enzymatic digestion. In other experiments, however, we applied the same protease (pepsin) under the same conditions to coral skeleton organics and to sea urchin test organic matrices (both are calcified and made of calcite). After pepsin treatment, the amide peaks of the IR spectra were reduced drastically. This was not seen in mollusc shell organics. Cleaved peptides were detected in the chromatogram on LC/MS/MS analysis (data not shown), although pepsin-treated mollusc shell organics typically generated small amounts of peptides. Chitinase-treated samples contained many soluble chitooligosaccharides, and these were also detected as many repeated MS fragment patterns in LC/MS/MS chromatograms. Hence the enzyme digestion procedures were reliable.
Pyrolysis GC-MS Pyrolysis GC-MS enabled us to identify characteristic chitin decomposition markers, such as acetamide, acetylpyridone, 3-acetamidofuran, 3-acetamido-5-methylfuran, 3-acetamido-4-pyrone, N-hydroxyphenylacetamide, and 1,6-anhydro-2-acetamido-2-deoxyglucose by mass spectrometry (Table 3 ). All the pepsin-treated samples showed numerous protein decomposition peaks, indicating that pepsin did not cleave all the insoluble peptides. We also analyzed crude insoluble organic matrices by pyrolysis GC-MS, but the chitin decomposition peaks were always lower than in pepsin-treated samples, probably due to the presence of chitin-protein complexes. Even though pepsin did not digest all the insoluble protein, this treatment was especially important to obtain decomposition peaks from protein-rich shells, such as that of Pinctada fucata.
All the molluscan shells analyzed here yielded chitin decomposition peaks, although chitin occurred in different ratios to protein and to insoluble neutral polysaccharides ( Table 1 ). The species with the highest relative abundances of chitin were those with internal shells, the cephalopods Todarodes pacificus, Loligo sp., and Spirula spirula, and the gastropod Aplysia dactylomela. They all had high chitin:protein and low polysaccharide:chitin ratios. The only mollusc with external calcareous shell elements having similarly high chitin contents was the polyplacophoran Acanthopleura villantii. All the bivalve shells studied contained abundant protein in the insoluble fraction, while chitin and neutral polysaccharides were present in very small relative amounts. Gastropod shells showed a broad range of ratios among chitin, protein, and neutral polysaccharides. Here we report the presence of chitin in shells of Scaphopoda for the first time. The species analyzed, Pictodentalium vernedei, showed the highest relative amount of neutral polysaccharides encountered in this study, with a polysaccharide:chitin ratio of 4.07. Only the gastropod species Dicathais orbita and Siphonaria diemnensis showed similar amounts of neutral polysaccharides. The analytical results obtained on different GC columns were also assessed in this study. Pepsin-treated insoluble shell organics on the HP-5MS capillary column (Table 3 ) corroborated the results obtained by CP Wax 52. Principally, the same chitin decomposition peaks were detected and the amounts of chitin among different columns appeared to be similar. The uncalcified internal shell of Loligo sp. contained the greatest absolute amount of chitin (Fig. 3a) . No chitin decomposition peaks were detectable in 200 mg, Pinctada fucata pepsin-treated shell organics (Fig. 3b) . In addi- Table 1 .
Each marker compound name corresponds to Table 2. tion, these pyrograms revealed that no other major decomposition peaks were present except for chitin, protein, and neutral polysaccharides. For instance, none of these peaks could be attributed to humic acid decomposition products. Hence, it was also found that most insoluble shell organic matrices were proteins and polysaccharides (both chitin and neutral polysaccharides). Figure 4a -c shows the IR spectra of various combinations of BSA:chitin, BSA:glucan, and chitin:glucan. As expected, the heights of the amide II and hexose peaks changed with different relative amounts. However, the changes occurred linearly with molar weights and not absolute weights. For example, BSA had a stronger influence on amide peak height than chitin, and the spectrum of the BSA:chitin mix resembled that of a protein-rich sample (Fig. 4a) . Figure 4b shows that a 6 fold amount of BSA produced amide peak heights similar to the strong glucan hexose signal. This spectrum resembled the pattern of the crab chitin standard (Fig. 1d) in the absence of chitin. Consequently, similarities to chitin standards are no conclusive proof of the presence of chitin without previous enzyme treatment or accompanying chemical analysis such as pyrolysis GC/MS analysis. On the other hand, chitinrich samples did not reveal neutral polysaccharides when chitin was 12 times as abundant as glucan (Fig. 4c ) because hexose and amide peaks were of heights similar to the chitin standard.
Infrared spectroscopy
Three distinct patterns of changes in IR spectra were discerned after pepsin A, chitinase, and -glucanase treatment (Table 4 ). In IR pattern 1, chitinase treatment caused a very small reduction of sugar versus amide peaks (Fig. 5a, b ). An additional pepsin A treatment and proteinase K treatment after chitinase digestion did not change this pattern (data not shown). These pattern 1 samples contained many proteins that were not degraded by the proteases. In pattern 2, amide peaks were conspicuously reduced as compared to the sugar peaks on chitinase treatment (Fig. 5c-f) . Pattern 1 was observed in the bivalves Mytilus, Pinctada, Atrina, and Laternula, as well as in the gastropod Haliotis, and cephalopod Nautilus. The other bivalves and the gastropods Cypraea, Dicathais, Siphonaria, and Helix showed IR pattern 2. The same pattern emerged from the anterior and posterior shell parts of the scaphopod Dentalium. We also tested coral skeleton and sea urchin test insoluble organic matrices to examine the effects of pepsin. Although it had only a small effect on mollusc shell organic matrices, the amide peaks in these two samples were clearly reduced by pepsin (data not shown). In pattern 3, shown by the cephalopods Todarodes and Spirula, the amide and sugar peaks were clearly reduced (Fig. 5g, h) . Accordingly, IR pattern 3 indicated low amounts of neutral polysaccharides. This is corroborated by the pyrolysis GC/MS data and the results of the phenol sulphuric acid assay of these insoluble organic shell compounds, identifying the chitinous IR pattern 3 shells containing the lowest amounts of neutral sugars (data not shown).
Treatment of IR pattern 2 insoluble shell fractions with -1,3-glucanase revealed the presence of glucan. Glucanase treatment after chitinase treatment conspicuously reduced sugar peaks, especially in the gastropods Dicathais and Helix (Fig. 6a, b) . In contrast, the reduction in hexoses peaks by -1,3-glucanase without chitinase treatment was less pronounced. Glucanase treatment did not affect sugar peaks in IR pattern 1 or pattern 3 shells.
Discussion
Our data confirm the presence of chitin in conchiferan mollusc shell organics of all major taxa examined, including Scaphopoda. We also confirmed the report of Polulicek and Kreusch, 13) who found 159-411 mg chitin/g in polyplacophoran shell plates. Although data on Tryblidia (the recent ''monoplacophoran'' species) are still lacking, we conclude that chitin was present in the common ancestor of the Conchifera and, most likely, also in that of the Conchifera and Polyplacophora.
We detected chitin in two Scaphopoda and all the heterodont Bivalvia examined in this study, although earlier studies 10, 11) failed in this respect. The most likely explanation for this discrepancy is improved methodology. The chitosan test applied by Peters 11) and Jeniaux 10) is unreliable and probably not sensitive enough. It yielded contradictory results for, e.g., the mussel genus Mytilus: Peters 11) failed to detect chitin at all, whereas Jeniaux 10) detected only small amounts of chitin. The KOH treatment used by Peters 11) might have degraded much of the chitin to glucosamines that are not detected by the test. The chitosan test requires much higher sample volumes than modern techniques. Thus the first unequivocal evidence for chitin in the shells of scaphopods and heterodont bivalves reported here can be attributed to an advance in analytical methods.
Although chitin was present in all the studied species, the amounts relative to the other major insoluble components, e.g., proteins and polysaccharides, varied greatly even among fully calcified shells. Based on pyrolysis GC-MS data, the chitin:protein ratio differed by a factor of 10 4 between the bivalve Pinctada fucata and the polyplacophoran Acanthopluera villantii. Reliable detection and assessment of the role of chitin in molluscan shells, thus requires consideration of insoluble proteins and polysaccharides. The digestion procedures used here appear to be particularly useful in distinguishing between signals in IR and pyrolysis GC-MS analyses. The changes in IR spectra following protease, chitinase, and glucanase treatment allowed us to define the three patterns correlated with the predominant insoluble component in the shell matrices.
IR pattern 1 indicates high abundances of proteins in the insoluble shell matrix and low chitin and neutral polysaccharide abundances. This was corroborated by 
the pyrolysis GC-MS analyses. It is also consistent with a report on Mytilus sp. showing no clear chitinous pattern on X-ray diffraction analysis, 18) although they treated insoluble shell organics with 5% KOH and 3 N HCl. Apparently, this treatment is not effective enough to remove the proteins. We tested this with insoluble organics of Pinctada fucata by exposing it to 1 N NaOH for 5 h. Subsequent pyrolysis GC-MS still showed many protein decomposition peaks. The only exception here is Nautilus which showed IR pattern 1 changes but com- paratively high chitin contents. The IR spectrum from the insoluble shell organic matrices of the palaeoheterodont bivalve Unio sp. 28) can clearly be attributed to our IR pattern 1. Indeed, some insoluble proteins, e.g., N16 29) and Shematrin, 30) have been cloned by alkaline or urea extraction, but many others remain to be extracted and characterized. Suzuki et al. 31) deduced the presence of chitin in the insoluble organics of the prismatic layer of Pinctada fucata from IR analysis after NaOH treatment. Although they did not report IR spectra from untreated matrices and did not account for other insoluble polysaccharides, their conclusion is in line with our results.
All species showing IR pattern 1 have a nacreous inner shell layer. Because we used all the shell layers here, the contribution of nacre to the high protein contents remains uncertain, and the chitin:protein ratio among IR pattern 1 species varied from 0 (0.007) in Pinctada fucata to 0.2 in Haliotis gigantea.
IR pattern 2 indicates a higher abundance of chitin and neutral polysaccharides than IR pattern 1, although proteins are still the most abundant components in the insoluble matrix. The conspicuously lower amide peaks after chitinase digestion indicate the presence of chitin more clearly than in IR pattern 1. Hexose peaks remained high after chitinase digestion, suggesting that the matrices contained insoluble polysaccharides composed of neutral sugars (e.g., glucose, mannose, and galactose). Many researchers conclude that carbohydrates in shell organics are attributed to glycoproteins. 21, 28) Nevertheless, the evidence for this is based on monosaccharide analysis with hydrolysis. That approach was clearly insufficient to distinguish neutral insoluble polysaccharides (e.g., glucan and mannan), carbohydrates of glycoproteins, or glycosaminoglycans. Our IR data on the glucan and mannan standards are similar to IR pattern 2 after chitinase treatment. This indicates that carbohydrates in insoluble shell organics are mainly polysaccharides, because insoluble glycoproteins have more amino acids and this should have been reflected in the heights of the amide peaks.
The first data on Scaphopoda were consistent with IR pattern 2. Scaphopod shells consist of three layers: a thin outer prismatic layer, a middle cross lamellar layer, and in the posterior part, an inner cross lamellar layer. 32, 33) Since the anterior and posterior shell parts of Dentalium elephantinum showed IR pattern 2 changes (Fig. 2e, f ) chitin appears to have been present in the outer and middle shell layers and not only in the inner cross lamellar layer of the posterior part of the shell.
The amide II peak reduction in the IR spectra after chitinase treatment might be attributable not only to a loss of chitin from the insoluble fraction. Per se soluble proteins can stay in the insoluble fraction by forming complexes with chitin and become soluble when the chitin is removed. This would cause a more pronounced amide peak reduction than the loss of chitin alone accounts for. This has been reported by Kato et al. 34) for brachiopod shells. Future investigation is necessary to understand these chitin-associated proteins in more detail.
IR pattern 3 indicates that chitin is the dominant component of the insoluble shell matrix. It is produced only by the internal, non-calcified, chitinous shells of coleoid cephalopods and the opisthobranch gastropod Aplysia. This is consistent with a previous report by Poulicek et al., 16) who found that the chitin content is higher in total organic matrices of reduced shells among opisthobranch shells. Internalization of the shell might involve several functional changes, for example, the loss of the protective function in favor of elastic support. Accordingly, it is to be expected that not only calcification-related shell components are reduced, but also neutral polysaccharides, such as glucan and mannan. The latter are known to be hard components of bacterial cell walls, 35) and there might be a similar function in molluscan shells. This is in line with a report by Dauphin and Marin, 19) who noted that non-calcified cephalopod shells contain less neutral sugars relative to chitin in the insoluble fraction than calcified shells. Our data on Aplysia support a similar tendency in reduced gastropod shells.
Falini et al. 22) did model chitin experiments using IR and X-ray diffraction. In the light of our data, some of their interpretations appear questionable. They emphasized amide III in chitin detection and a shift of the amide II peak after adding silk fibroin gel. However, the amide III peak (1,236 cm À1 ) is small compared to amide I and II and is confluent with another peak seen in glucan. In addition, the amide II peak shift of 10 cm À1 might have been due to the presence of a protein -form. The height of the amide II peak relative to the hexose peaks is, in our view, a more reliable indicator of proteins and polysaccharides than its shift or the amide III peak. Falini et al. 22) also found that chitin with protein disturbs diffraction patterns and that it becomes more difficult to identify the chitin pattern when proteins are abundant in the sample. Hence the obscure X-ray diffraction results in previous studies 18, 36) might reflect the presence of insoluble proteins and neutral polysaccharides, despite proteinase treatment. Glucan still would not be removed completely under these conditions.
Treves et al. 12) detected no chitin in crude insoluble fractions of the girdle spicules of the polyplacophoran Acanthopleura villantii (reffered as A. spiniger here), because the IR spectrum has a single, broad peak instead of the amide I and II peaks. We found similar broad peaks in the crude fractions of the bivalves Solecurtus and Pinctada. After pepsin A treatment, however, the two amide peaks were clearly distinguishable. This underlines that the IR pattern of crude insoluble organic matrices without enzyme treatment yields little information on chitin presence.
Molluscan shells show a wide range in the amount of chitin they contain, raising the question of the role of chitin in mechanical shell properties and in shell formation. Since shell apparently forms under very different compositions of insoluble matrix components, chitin alone is unlikely to be the only important factor. Some researchers on biomineralization have insisted that shell organics are similar across different types of shells. 37) Thus, the organics are similar in the aragonite and calcite crystals of different species, i.e., taxonomic relationships do not play a major role, but these research results are based solely on amino acid analysis. To date, there is no evidence to prove that the chitin:protein ratio is similar the between crystals of same type or that this proportion is completely different in different shell layers in the same individuals.
Shell layers were not separated in our experiments (except for organic periostracum). This, however, does not affect our conclusions. From our data, the type of calcification, viz., aragonite or calcite, also appears to have no correlation with chitin contents. For instance, Acanthopleurus, Pictodentalium, Solecurtus and Nautilus have entirely aragonitic shells although their chitin:protein ratios differed by a factor of 10 2 . Although we did not separate the shell layers in this study, we did conduct several experiments with separated layers, e.g., Haliotis gigantea nacre. These results showed that the chitin:protein ratio in different shell layers (from the same individuals) were not significantly different. Moreover, all the tested nacre-shelled species showed larger amounts (versus non-nacre-shelled species) of insoluble organics matrices in both the calcite and the aragonite layer.
Mechanical shell properties are influenced by various factors, such as shape, microstructure, and shell material. It was beyond the scope of this study to investigate shell layers individually. Future studies analyzing separate shell layers may reveal correlations between microstructure (e.g., nacre, prismatic, or cross lamellar) and chitin contents.
Apart from functional constraints, common evolutionary history might play a role in shell chemistry. The taxonomic sample is not sufficient at present to derive general patterns. However, we found bivalve shells to contain more insoluble proteins than chitin or neutral polysaccharides as compared to other major taxa. Cephalopod shells are the richest in chitin among all conchiferan classes, matched only by the shell plates of the Polyplacophora. Gastropod shells studied here showed no common pattern, perhaps reflecting their phylogenetic diversity.
Although we can safely conclude that chitin was present in the calcified parts of the common ancestor of Polyplacophora and Conchifera, there are wide gaps to be filled by future studies. The biochemical methods used here ought to be applied to the spicule-covered aplacophoran molluscs. These data should help in analyzing the relationships between the single conchiferan shell and non-conchiferan structures such as the cuticle, sclerites, and polyplacophoran shell plates, shedding new light on the evolution of the molluscan shell. Further, the characterization and expression patterns of shell proteins should enhance our understanding of their interaction with chitin and their role in biomineralization.
